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(57) ABSTRACT

Provided is a method and apparatus to adaptively set a thresh-
old for signal demodulation. The apparatus and the method
include adaptively setting a threshold to demodulate a cur-
rently received symbol based on the demodulation value of a
previously received symbol based on a comparison value. The
comparison value is obtained by comparing a number of
previously received symbols having a demodulation value of
“0” and a number of currently received symbols having a
demodulation value of “1”.

21 Claims, 9 Drawing Sheets
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METHOD AND APPARATUS FOR
ADAPTIVELY SETTING THRESHOLD FOR
SIGNAL DEMODULATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit under 35 U.S.C. §119
(a) of Korean Patent Application No. 10-2013-0091381, filed
on Aug. 1, 2013, in the Korean Intellectual Property Office,
the entire disclosure of which is incorporated herein by ref-
erence for all purposes.

BACKGROUND

1. Field

The following description relates to a method and appara-
tus to adaptively set a threshold for signal demodulation.

2. Description of Related Art

A sensor network is rapidly becoming widespread based
on fast improvement and commercialization of wireless net-
work technology. Wireless network technology standardiza-
tion is being actively conducted by the Institute of Electrical
and Electronics Engineers (IEEE) through, for example,
IEEE 802.15.4, which is a standard that specifies a physical
layer and media access control for low-rate wireless personal
area networks (LR-WPANS). In particular, standardization of
Bluetooth and ZigBee is also being performed.

A wireless sensor device may be applied to various fields,
for example, home security, medicine, mobile healthcare,
chemical and biological defect monitoring, breakdown and
damage diagnosis for machinery, environmental monitoring,
sensing information associated with natural disasters, intelli-
gent logistics management, real-time security, and remote
observation.

Various wireless sensor networks and local area networks
(LANs) require compact-sized sensors. Also, for a durable
operation of a number of sensors, it is advantageous for wire-
less sensors to consume less power and have low complexity
requirements.

In particular, in a wireless body area network (WBAN), a
sensor to be attached to a human body needs to have low
power and low complexity requirements. When attached to a
human body, the sensor communicates wirelessly with an
adjacent mobile device or a sensor of another human body.

Recently, to improve a performance of a super-low power
analog circuit, research on stable demodulation of a received
signal has increased.

SUMMARY

This Summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This Summary is not intended to
identify key features or essential features of the claimed sub-
ject matter, nor is it intended to be used as an aid in determin-
ing the scope of the claimed subject matter.

In accordance with one configuration, there is provided a
method, including identifying a demodulation value of a pre-
viously received symbol received during a predetermined
symbol period; and adaptively setting a threshold to demodu-
late a currently received symbol based on the demodulation
value of the previously received symbol.

The identifying may include obtaining a comparison value
by comparing a number of previously received symbols hav-
ing a demodulation value of “0” and a number of currently
received symbols having a demodulation value of “1”.
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The obtaining may include setting a weighted value based
on a distance between the currently received symbol and the
previously received symbol; and comparing the number of
previously received symbols having the demodulation value
ot “0” and the number of currently received symbols having
the demodulation value of “1” using the weighted value.

The method may also include alternately receiving a train-
ing symbol having a demodulation value of “0” and a training
symbol having a demodulation value of “1” during a prede-
termined training period.

The adaptively setting may include setting a fixed thresh-
old using the training symbol having the demodulation value
0f“‘0” and the training symbol having the demodulation value
ot “1”; and setting the fixed threshold to be an initial value of
the threshold for demodulating the currently received sym-
bol.

The adaptively setting may include identifying an ampli-
tude difference between the training symbol having the
demodulation value of “0” and the training symbol having the
demodulation value of “1”; and setting, using the amplitude
difference, a range in which the threshold to demodulate the
currently received symbol is to be changed.

The adaptively setting may include determining, based on
the comparison value, an amount by which the threshold for
demodulating the currently received symbol is to be changed.

The identifying may include calculating, using an expo-
nential function based on the comparison value, the amount
by which the threshold to demodulate the currently received
symbol is to be changed.

The calculating may include calculating, by applying a
Taylor series to the exponential function based on the com-
parison value, the amount by which the threshold to demodu-
late the currently received symbol is to be changed.

In accordance with another illustrative configuration, there
is provided an apparatus, including a demodulation value
identifier configured to identify a demodulation value of a
previously received symbol received during a predetermined
symbol period; and a threshold setting unit configured to
adaptively set a threshold to demodulate a currently received
symbol based on the demodulation value of the previously
received symbol.

The apparatus may also include a buffer configured to store
the previously received symbol and the currently received
symbol, wherein the demodulation value identifier and the
threshold setting unit receive the previously received symbol
and the currently received symbol.

The demodulation value identifier may include a compari-
son value obtainer configured to obtain a comparison value by
comparing a number of the previously received symbols hav-
ing a demodulation value of “0” and a number of the currently
received symbols having a demodulation value of “1”.

The comparison value obtainer may include a weighted
value setting unit configured to set a weighted value based on
a distance between the currently received symbol and the
previously received symbol; and a symbol number compara-
tor configured to compare the number of previously received
symbols having the demodulation value of “0” and the num-
ber of currently received symbols having the demodulation
value of “1” using the weighted value.

The apparatus may also include a training symbol receiver
configured to alternately receive a training symbol having a
demodulation value of “0” and a training symbol having a
demodulation value of “1” during a predetermined training
period.

The threshold setting unit may also include a fixed thresh-
old setting unit configured to set a fixed threshold using the
training symbol having the demodulation value of “0” and the
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training symbol having the demodulation value of “1”; and an
initial value setting unit configured to set the fixed threshold
to be an initial value of the threshold to demodulate the
currently received symbol.

The threshold setting unit may include an amplitude dit-
ference identifier configured to identify an amplitude difter-
ence between the training symbol having the demodulation
value of “0” and the training symbol having the demodulation
value of “1”; and a range setting unit configured to set, using
the amplitude difference, a range in which the threshold to
demodulate the currently received symbol is to be changed.

The threshold setting unit may include an amount deter-
miner configured to determine, based on the comparison
value, an amount by which the threshold to demodulate the
currently received symbol is to be changed.

In accordance with a configuration, there is provided
method, including calculating, prior to demodulating a cur-
rently received signal, an amount of threshold to be changed
based on at least one of a demodulation value of “0” and a
demodulation value of “1” among demodulation signals
occurring in a predetermined period; and demodulating the
currently received signal based on the calculated amount of
threshold to be changed.

The calculating may include obtaining a comparison value
by comparing a number of previously received signals having
the demodulation value of “0” and a number of currently
received signals having the demodulation value of “1”.

The calculating may include calculating, using an expo-
nential function based on the comparison value, the amount
by which the threshold to demodulate a currently received
signal is to be changed.

The calculating, using the exponential function, may
include calculating, by applying a Taylor series to the expo-
nential function based on the comparison value, the amount
by which the threshold to demodulate the currently received
signal is to be changed.

Other features and aspects may be apparent from the fol-
lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and more
readily appreciated from the following description of the
embodiments, taken in conjunction with the accompanying
drawings in which:

FIG. 1 illustrates an example of a conventional super-
regenerative receiver.

FIG. 2 illustrates an example of an input signal, a damping
function, and an output signal of a super-regenerative
receiver, in accordance with an embodiment.

FIG. 3 illustrates an example of an analog-to-digital con-
verter (ADC) output waveform with respect to a received
signal of a super-regenerative receiver, in accordance with an
embodiment.

FIGS. 4A and 4B illustrate an example of a received sym-
bol demodulation scheme, in accordance with an embodi-
ment.

FIG. 5 illustrates an example of a method to adaptively set
a threshold, in accordance with an embodiment.

FIG. 6 illustrates an example of a fixed threshold in a
method to adaptively set a threshold, in accordance with an
embodiment.

FIG. 7 illustrates an example of a threshold to demodulate
a currently received symbol, in accordance with an embodi-
ment.

FIG. 8 illustrates an example of an apparatus to set a
threshold, in accordance with an embodiment.
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Throughout the drawings and the detailed description,
unless otherwise described, the same drawing reference
numerals will be understood to refer to the same elements,
features, and structures. The relative size and depiction of
these elements may be exaggerated for clarity, illustration,
and convenience.

DETAILED DESCRIPTION

The following detailed description is provided to assist the
reader in gaining a comprehensive understanding of the meth-
ods, apparatuses, and/or systems described herein. Accord-
ingly, various changes, modifications, and equivalents of the
methods, apparatuses, and/or systems described herein will
be suggested to those of ordinary skill in the art. The progres-
sion of processing steps and/or operations described is an
example; however, the sequence of and/or operations is not
limited to that set forth herein and may be changed as is
known in the art, with the exception of steps and/or operations
necessarily occurring in a certain order. Also, description of
well-known functions and constructions may be omitted for
increased clarity and conciseness.

There is a need for sensor devices to be installed in a
wireless sensor network and a local area network (LAN) to be
designed in a compact size, and a low power and low com-
plexity structure.

In general, a superheterodyne radio frequency (RF) struc-
tured receiver may use an intermediate frequency band to
improve performance, for example, sensitivity, rather than
converting a received signal from a high-frequency band
directly to a base band. However, complexity, costs, and
power consumption may increase.

In an RF portion, a modem technology based on a super-
heterodyne RF structure scheme requires a greater amount of
power when compared to a digital base band portion. For
example, in a case of a modem chip for a low power wireless
personal area network (WPAN), a digital signal processing
portion may use approximately 0.5 milliwatts (mW) of power
for transmission and reception, whereas an analog signal
processing portion may use power of approximately 21 mW
in a reception mode and 30 mW in a transmission mode.

Accordingly, research on reducing power consumption of
communication modems is being actively conducted using
various low power RF structured receiver. In particular, a
receiver structure using a super-regenerative receiver is
designed to amplify an output signal and detect a signal using
apositive feedback structure. Because a simple RF structured
receiver using a relatively fewer number of active devices is
adopted, the RF structured receiver attracts a lot of attention
as an ultra low power receiver.

Although a short distance transmitting and receiving sys-
tem adopting the low power and low complexity RF struc-
tured receiver significantly reduces power consumption, per-
formance degradation of the analog signal processing portion
may cause overall performance degradation in the system.

The super-regenerative receiver may experience perfor-
mance degradation in a system due to a low selectivity char-
acteristic of a frequency response.

FIG. 1 illustrates an example of a conventional super-
regenerative receiver.

Referring to FIG. 1, an RF signal passes through a low
noise amplifier (LNA) 110 and subsequently an RF oscillator
120. In this instance, the RF oscillator 120 may be, for
example, a super-regenerative oscillator (SRO). The RF
oscillator 120 amplifies the RF signal corresponding to a
predetermined frequency using a positive feedback loop. As
the amplification continues, an oscillation may occur. Thus, a
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configuration to stop the oscillation is required. A quench
oscillator 140 may control periodical generation and termi-
nate the oscillation. For example, in a case in which an on-off
keying (OOK) modulation scheme is used, when a transmit-
ting end transmits a signal corresponding to a transmission
symbol “1”, the RF oscillator 120 may generate a relatively
strong oscillation signal controlled by the quench oscillator
140.

When the transmitting end transmits a signal correspond-
ing to a transmission symbol “0”, the RF oscillator 120 may
generate, in practice, a weak oscillation signal due to noise,
although ideal oscillation is absent.

An RF signal input to the RF oscillator 120, an output
signal, and a damping function of a closed-loop system using
the positive feedback loop is illustrated in FIG. 2.

An envelope detector 130 detects an envelope from the
output signal of the RF oscillator 120. A low-pass filter (LPF)
150 filters a predetermined area in the detected envelope.

In this example, the output signal may require a high-
magnitude of amplification for detection in a digital base
band because an output signal of the envelope detector 130
may be aweak signal. Also, controlling a magnitude of ampli-
fication as a function of a distance between a transmitter and
areceiver may be necessary in the envelope detected from the
output signal at the envelope detector 130. Thus, the envelope
detected from the output signal at the envelope detector 130
passes through a variable gain amplifier (VGA) 160, which is
configured to amplity a signal by controlling a magnitude of
amplification.

In this instance, the VGA 160 amplifies a received signal
from the LPF 150 to have an intensity of at least 40 decibels
(dB). When the envelope detected from the output signal at
the envelope detector 130 includes a direct current (DC)
offset component, a signal over-amplified due to the DC
offset component may saturate an entire circuit.

In particular, when an OOK demodulation signal passes
through the envelope detector 130, the envelope detected
from the output signal always having a positive value may be
obtained.

The signal amplified by the VGA 160 may pass through an
analog-to-digital converter (ADC) 170, and be provided to a
physical layer (PHY) (not shown).

FIG. 2 illustrates an example of an input signal, a damping
function, and an output signal of a super-regenerative
receiver, in accord with an embodiment.

Referring to FIG. 2, in response to an RF signal v(t) input
to an SRO, an output signal v (t) of the SRO is provided in a
form of an RF pulse series in which oscillation and attenua-
tion are periodically repeated for each quench period T,,.

Here, T(t) refers to a damping function of a closed-loop
system {(t) varies in response to a signal of a quench oscilla-
tor. When a value of £(t) changes from a positive value to a
negative value, an SRO output signal may initiate oscillation,
and an unstable interval may start, in which an amplitude
value gradually increases. The unstable interval may continue
until the value of T(t) changes from a negative value to a
positive value. When the amplitude value reaches a maximum
value, a stable interval may begin, in which the amplitude
value attenuates.

An RF pulse occurring in an SRO output during a single
quench period may reoccur during a subsequent quench
period. The RF pulse occurring in the SRO output may over-
lap another RF pulse newly generated during the subsequent
quench period, and cause an occurrence of intersymbol inter-
ference (ISI). In one example, the occurrence of the ISI is
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6

referred to as a hangover effect. To eliminate the hangover
effect, T(t) may have a value of C,_ corresponding to a DC
component value.

As the amplitude value of the RF input signal v(t)
increases, the amplitude value of the SRO output v (t) may
also increase.

A regenerative gain is a main factor in determining the
amplitude value of the SRO output v, (t). The regenerative
gain may be determined based on integral values of a sensitive
curve and a normalized envelope of the RF signal input to the
SRO.

Referring to the following equations, when the RF input
signal of the SRO corresponds to v(t)=Vp_(t)cos(wt+¢), the
SRO output v, (t) may be calculated as follows.

v, (0=VE K K, p(t)cos(q+9)
K,~Gooof, p (D)s(u)de
s(Eyexp(@fo (W)

p(O)-exp(-wqf, TR

In one example, p_(t) denotes a pulse envelope of which a
maximum value is normalized to “1”. K, denotes the regen-
erative gain, s(t) denotes the sensitivity curve, and p(t)
denotes the normalized envelope of the SRO output.

An amplitude of the SRO output is determined based on a
value of V corresponding to a peak amplitude of the RF input
signal, and integral values of s(t) and p_(t).

An increase of the peak amplitude of the RF input signal
may cause an increase of the peak amplitude of the SRO
output, and the peak amplitude of the SRO output may be also
determined based on an amount of input energy captured
based on an overlap level of s(t) and p_(t).

FIG. 3 illustrates an example of an output waveform of an
ADC with respect to a received signal of a super-regenerative
receiver, in accord with an embodiment.

Referring to FIG. 3, when the super-regenerative receiver
receives a predetermined transmission signal modulated
using an OOK, the ADC may obtain an output waveform with
a dynamic range from “0” to “255”, using 8-bit of resolution
bit.

In one example, the output signal of an envelope detector
always has a positive value. Thus, a VGA may be designed to
have a frequency response characteristic to eliminate or
restrict a low frequency component to eliminate a DC offset
component and maintain a low power.

Accordingly, an output signal of the VGA may have an
average value of “0” and a waveform alternating between a
positive value and a negative value centered around the aver-
age value of “0” may be provided.

Due to a characteristic of mitigating a DC offset, when an
identical signal selected from transmission symbols “0” and
“1” is alternately received, an output signal of the ADC may
not maintain an amplitude of a predetermined transmission
signal and may have a tendency 310 to approach an average
value, for example, zero volts. In one example, the zero volts
may be an ADC of level 128.

In terms of a long time period, the DC offset component
may be eliminated. However, a DC fluctuation effect, in
which a DC offset value changes based on a time during a
time period on a signal-by-signal basis, may occur depending
on whether a predetermined transmission signal occurs alter-
nately.

In a case of an OOK modulation and demodulation
scheme, setting a threshold for determining whether a signal
is present may have a strong influence on a bit error rate
performance.
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Accordingly, mitigating a DC offset may distort the output
signal of the ADC, for example, an input value of a digital
base band and; thus, cause performance degradation in the bit
error rate.

FIGS. 4A and 4B illustrate an example of a received sym-
bol demodulation scheme, in accord with an embodiment.

Referring to FIGS. 4A and 4B, a super-regenerative
receiver receives a symbol and demodulates the received
symbol. As illustrated in FIG. 4A, the super-regenerative
receiver receives a single symbol during one bit period and
demodulates the received symbol using a threshold. For
example, when the super-regenerative receiver alternately
receives a symbol having a symbol value of “0” and a symbol
having a symbol value of “1”, the super-regenerative receiver
may set the threshold to be an intermediate value between “0”
and “1”.

FIG. 4B illustrates a scheme to determine a demodulation
value of a received symbol by comparing the received symbol
and the threshold. When the received symbol is less than the
threshold, for example, B, <thr, a demodulation value d,, may
be determined to be “0”. When the received symbol is greater
than the threshold, for example, B, >thr, the demodulation
value d, may be determined to be “1”.

FIG. 5 illustrates an example of a method of adaptively
setting a threshold, in accord with an embodiment.

Referring to FIG. 5, in operation 510, the method identifies
a demodulation value of a previously received symbol
received during a predetermined symbol period. In one
example, the previously received symbol is a symbol received
prior to a currently received symbol. The predetermined sym-
bol period indicates a period of time in which the previously
received symbol is received. A length of the predetermined
symbol period may vary based on a system of the super-
regenerative receiver.

In operation 510, the method also compares a number of
previously received symbols having a demodulation value of
“0” with a number of previously received symbols having a
demodulation value of “1”. A comparison value may be
obtained based on a result of the comparing. For example,
when the length of the predetermined symbol period is “8”,
the number of previously received symbols having the
demodulation value of “0” is “3”, and the number of previ-
ously received symbols having the demodulation value of “1”
is “5”, the comparison value may be “2”.

Due to an AC coupling effect, a DC fluctuation effect may
vary based on a distance between the currently received sym-
bol and the previously received symbol. For example, a DC
fluctuation effect in a case in which two previously received
symbols correspond to (1,0) may differ from a DC fluctuation
effect in a case in which two previously received symbols
correspond to (0,1).

To reflect the DC fluctuation effect, the comparison value
may be set in operation 510, using a weighted value. As an
example, in operation 510, the weighted value may be set
based on a distance between the currently received symbol
and the previously received symbol. Also, in operation 510,
the number of previously received symbols having the
demodulation value of “0” may be compared to the previ-
ously received symbols having the demodulation value of
“17, and the comparison value may be set based on a result of
the comparing.
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The comparison value may be expressed as an equation of

In one example, M denotes the length of the predetermined
symbol period, and d,_, denotes a demodulation value of
(n-i)” symbol having a value of “0” of “1”. Using an equation
of 2xd,_~1, the previously received symbol having the
demodulation value of “0” may be expressed as “~1”, and the
previously received symbol having the demodulation value of
“1” may be expressed as “1”. Accordingly, the comparison
value obtained by comparing the number of previously
received symbols having the demodulation value of “0” and
the number of previously received symbols having the
demodulation value of “1” may be expressed as equation

For example, the comparison value of “3” may indicate that
the number of previously received symbols having the
demodulation value of “1” is greater than the number of
previously received symbols having the demodulation value
of “0” by “3”. The comparison value of “-2” may indicate
that the number of previously received symbols having the
demodulation value of “0” is greater than the number of
previously received symbols having the demodulation value
of “1” by “2”.

When the weighted value based on the distance between
the currently received symbol and the previously received
symbol is applied to the comparison value, the comparison
value is expressed by the following equation

M
Z Wi (2><fin,; - 1)
i=1

In one example, W, is a weighted value of i symbol. For
example, five previously received symbols correspond to (0,
0, 1, 1, 1), the comparison value without applying the
weighted value is “1”. However, when the weighted values
based on the distance between the currently received symbol
and the previously received symbol correspond to (0.6, 0.7,
0.8, 0.9, 1), the comparison value applied the weighted value
may be “1.4”.

In operation 520, the method adaptively sets the threshold
for demodulating the currently received symbol based on the
demodulation value of the previously received symbol.

As described above, when the symbol having the demodu-
lation value of “1” or the symbol having the demodulation
value of “0” is continuously received, an output signal of the
ADC may not maintain an amplitude in the symbol and may
tend to maintain an average value. Thus, to obtain an opti-
mized performance, the threshold to demodulate the cur-
rently received symbol may identically vary as the varying
output signal of the ADC. Accordingly, in operation 520, the
method adaptively sets the threshold by obtaining a range in
which the threshold is to be changed, an amount by which the
threshold is to be changed, and an initial value of the thresh-
old.
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To set the range and the initial value of the threshold, a
training symbol having a demodulation value of “0” and a
training symbol having a demodulation value of “1” may be
alternately received during a predetermined training period.
When the training symbol having the demodulation value of
“0” and the training symbol having the demodulation value of
“1” are alternately received during the predetermined training
period, probability distribution of the training symbol having
the demodulation value of “0” may be identical to probability
distribution of the training symbol having the demodulation
value of “1”. Accordingly, a fixed threshold may be set to be
an intermediate value between “0” and “1”. Because the fixed
threshold is set to be the intermediate value between “0” and
“17, the amount by which the threshold to demodulate the
currently received symbol is to be changed, which will be
described hereinafter, is based on the comparison value
obtained by comparing the number of previously received
symbols having the demodulation value of “0” to the number
of previously received symbols having the demodulation
value of “1”. Because the fixed threshold may be set to be
another value, an amount by which the threshold for demodu-
lating the currently received symbol is to be changed may be
based on another parameter, in lieu of the comparison value.
For example, when the fixed threshold is set to be the other
value in lieu of the intermediate value between “0” and “17,
the range in which the threshold to demodulate the currently
received symbol is to be changed is based on the number of
previously received symbols having the demodulation value
ot “0” and the number of previously received symbols having
the demodulation value of “1”.

The fixed threshold is set to be the initial value of the
threshold to demodulate the currently received symbol, and
the threshold for demodulating the currently received symbol
may vary based on the initial value.

In operation 520, the method identifies an amplitude dif-
ference between the training symbol having the demodula-
tion value of “0” and the training symbol having the demodu-
lation value of “1” during the predetermined training period.
The range in which the threshold to demodulate the currently
received symbol is to be changed is set using the identified
amplitude difference. The range in which the threshold for
demodulating the currently received threshold is to be
changed may vary based on characteristics of a system. For
example, when the probability distribution of the training
symbol has the demodulation value of “0” and is identical to
the probability distribution of the tra